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(54) Method and apparatus for minimizing gradient coll and RF coll coupling 



(57) A method and apparatus are provided wlilch re- 
duce coupling between a Z-axIs gradient coil (30) and 
an rf coil (32) in magnetic resonance Imaging systems 
(10) and an rf shield (40) disposed between the Z-axis 



gradient coil (30) and the remaining gradient colls (26, 
28). The reduction in coupling is accomplished by novel 
windings of the conductor fonnlng the Z-axis gradient 
coil (30). 
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Description 

[0001] The present invention relates generally to the 
field of medical diagnostic imaging. More particularly, 
the present invention relates to the magnetic resonance 
Imaging and to the reduction of noise within magnetic 
resonance imaging systems Incorporating ultra-short 
cylindrical magnets. 

[0002] Magnetic resonance imaging (MRI) systems 
have become ubiquitous in the field of medical diagnos- 
tics. Over the two past decades, improved techniques 
for MRI examinations have been developed that now 
penriit very high-quality Images to be produced in a rel- 
atively short time. As a result, diagnostic Images with 
varying degrees of resolution are available to the radi- 
ologist that can be adapted to particular diagnostic ap- 
plications. 

[0003] in general, MRI examinations are based on the 
interactions among a primary magnetic field, a radlofre- 
quency (rf) magnetic field and time varying magnetic 
gradient fields with nuclear spins within the subject of 
interest. Specific nuclear components, such as hydro- 
gen nuclei in water molecules, have characteristic be- 
haviors In response to external magnetic fields. The pre- 
cession of spins of such nuclear components can be In- 
fluenced by manipulation of the fields to obtain rf signals 
that can be detected, processed, and used to recon- 
struct a useful Image. 

[0004] The magnetic fields used to produce images 
in MRI systems include a highly uniform, static magnetic 
field that is produced by a primary magnet. A series of 
gradient fields are produced by a set of three gradient 
coils disposed around the subject The gradient fields 
encode positions of individual volume elements or vox- 
els in three dimensions. A radiofrequency coll is em- 
ployed to produce an rf magnetic field. This rf magnetic 
field perturbs the spin system from its equilibrium direc- 
tion, causing the spins to precess around the axis of their 
equilibrium magnetization. During this precession, radi- 
ofrequency fields are emitted by the spins and detected 
by either the same transmitting rf coil, typically a bird- 
cage resonator, or by a separate receive-only coil. 
These signals are amplified, filtered, and digitized. The 
digitized signals are then processed using one of sev- 
eral possible reconstruction algorithms to reconstruct a 
useful image. 

[0005] Many specific techniques have been devel- 
oped to acquire MR images for a variety of applications. 
One major difference among these techniques is in the 
way gradient pulses and rf pulses are used to manipu- 
late the spin systems to yield different image contrasts, 
signal-to-noise ratios, and resolutions. Graphically, 
such techniques are illustrated as "pulse sequences" in 
which the pulses are represented along with temporal 
relationships among them. In recent years, pulse se- 
quences have been developed which pemnit extremely 
rapid acquisition of a large amount of raw data. Such 
pulse sequences permit significant reduction in the time 



required to perform the examinations. Time reductions 
are particularly Important for acquiring high-resolution 
images, as well as for suppressing motion effects and 
reducing the discomfort of patients in the examination 
s process. 

[0006] While field interactions are fundamental to the 
encoding of data acquired in MRI systems, certain field 
interactions are undesirable, or may lead to degradation 
of the image data. For example, when the appropriate 

10 pulses are applied to an rf coil during an examination 
sequence, rf energy from the rf coil can penetrate the 
gradient coil structure where It is dissipated by lossy ed- 
dy currents induced in the gradient coil structure. To 
maintain a high efficiency of the rf coll, an rf shield Is 

15 typically positioned between the rf coil and the gradient 
coil set so as to prevent or reduce penetration of the rf 
magnetic field Into all of the gradient colls. The design 
of the rf shield is such that minimal eddy currents are 
generated by switching of the gradient fields, rendering 

20 the rf shield substantially transparent to the gradient 
fields. At the same time, the rf frequencies are much 
higher than characteristic eddy current decay rates in 
the shield, hence the shield functions like an impenetra- 
ble barrier to rf fields. However, the proximity of an rf 

25 shield to the rf coil conductors, particularly In the case 
of a whole body rf transmit coil, may significantly affect 
the overall power efficiency and the signal-to-noise ratio 
of the rf coil. Therefore, in general, it is desirable to place 
the rf shield as far as possible from the rf coil. 

30 [0007] To address these concerns, the rf shield may 
be placed between the gradient coils such that the 2- 
axis gradient coil, typically an antisymmetric solenoid- 
type coil of varying pitch, is positioned within the shield, 
that is, between the shield and the rf transmit coil. This 

35 configuration is possible because the mode of the rf coil 
that is typically used In MRI has little or no net magnetic 
flux in the Z-axis direction, resulting In minimal coupling 
between the rf coil and the Z-axis gradient coil. In this 
configuration, the radiofrequency field is essentially un- 

40 disturbed by the presence of the Z-axis gradient coil on 
the Interior of the shield surface, allowing the rf shield 
to be moved significantly away from the transmit coil and 
thereby providing a significant reduction in noise and an 
increase in efficiency. 

45 [0008] This configuration, however, maybe unaccept- 
able in systems using ultra-short cylindrical magnets 
where the spacing between the windings of the Z-axis 
gradient coil is drastically reduced. At this reduced spac- 
ing, a number of factors appear to prevent proper de- 

50 coupling of the high-density z-gradient coil from the rf 
coil. First, in such systems the distance between the rf 
coil conductors and the Z-axis gradient conductors may 
be as little as 1 0 mm, resulting in frequent misalignment, 
either radially or in the direction of the Z-axIs, which 

55 leads to coupling between the rf coil and the Z-axIs gra- 
dient coil. Second, coupling occurs between the end 
rings of the birdcage resonator and the Z-axis gradient 
windings as they pass over the end rings. Finally, the 
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quality factor, or Q, associated with the system depends 
upon the angle between the conductive "rungs" of the 
birdcage resonator and the connecting wire which con- 
nects the 2 antisymmetric halves of the Z-axis gradient 
coil. In particular, Q is reduced each time the connecting s 
wire passes above one of the birdcage rungs. 
[0009] There is a need, therefore, for an improved 
technique for winding a Z-axis gradient. To address the 
drawbacks In hereto foreknown systems, there Is a par- 
ticular need for a technique which minimizes interac- 
tions between the z-gradient and the birdcage rf body 
coil In systems employing ultra-short cylindrical mag- 
nets and a rf shield outside of the Z-axis gradient coil. 
[001 0] The present invention provides a Z-axIs gradi- 
ent winding technique designed to respond to such 
needs. The technique may be employed in a wide range 
of systems, but Is particularly suitable to magnetic res- 
onance imaging systems employing ultra-short cylindri- 
cal magnets, such as those used in medical diagnostic 
applications. The technique may also be employed in 
any suitable MRI scanner design, including full body 
scanners, open scanners, and scanners with a range of 
field ratings. Where appropriate, the technique may be 
used to retrofit existing scanners, or may be incorporat- 
ed into new designs, particularly in the configuration of 
the gradient coil structure. 

[0011] The technique makes use of novel windingsfor 
Z-axIs gradient coils. In one embodiment, a gap is 
f omned in the Z-axis gradient coil winding over each bird- 
cage coil end ring. A straight connecting wire is then 
used to cross the gap in the least distance, reducing the 
coupling between the rf coil and the Z-axis gradient coil 
attributable to the end rings to a minimum. In a second 
embodiment, the antisymmetric halves of the Z-axis gra- 
dient coll are connected across the isocenter with a spi- 
rally wound connector. The spiral winding of the connec- 
tor distributes any coupling attributable to the connector 
among all of the rungs of the birdcage rf body coll. The 
technique has been demonstrated to provide a signifi- 
cant reduction in coupling between the Z-axis gradient 
coil and the rf coll when these colls are disposed radially 
interior of an rf shield. 

[0012] In accordance with one aspect of the present 
invention, a system is provided utilizing a novel gradient 
coil winding. The system possesses an rf coil consisting 
of end rings with rungs running between the end rings 
and a gradient coil disposed about the rf colt. The gra- 
dient coil comprises a gradient conductor wound as a 
solenoid coil and is wound such that there is a gap in 
the winding above each end ring of the rf coil which is 
crossed by a portion of the conductor. 
[0013] In accordance with another aspect of the 
present invention, a system is provided utilizing a novel 
gradient coil winding. The system possesses an rf coil 
consisting of end rings with mngs running between the 
end rings and a gradient coil disposed about the rf coil. 
The gradient coil comprises a gradient conductor wound 
as a solenoid coil symmetric about the isocenter of the 



gradient field produced by the gradient coil such that 
there is a positive and negative half of the symmetric 
solenoid coil which are connected by a symmetric, spi- 
rally wound connecting wire formed of a segment of the 
gradient conductor. 

[0014] In accordance with another aspect of the 
present invention, a system is provided utilizing a novel 
gradient coll winding. The system possesses an Inner 
tube fonned by a birdcage rf coll comprising a pair of 
end rings connected by spaced apart rungs. The system 
also possesses an outer tube disposed about the inner 
tube and formed by a gradient coil comprising a conduc- 
tive element wound to fomn a solenoid coil with a gap 
above each end ring crossed by a minimum amount of 
the conductive element. The winding of the solenoid coil 
is reversed at a transverse plane bisecting the coil such 
that the conductive element crossing the transverse 
plane Is asymmetric, spirally wound segment which cir- 
cles the inner tube in multiples of one half of a turn prior 
to reversing. 

[0015] In accordance with another aspect of the 
present invention, a gradient coil is provided comprising 
a conductor wound as a solenoid coil in which the wind- 
ing is reversed at the Isocenter of a field generated by 
the gradient coil such that a first winding exists prior to 
the reversal and a second winding exists subsequent to 
the reversal. The transition from the first winding to the 
second winding is accomplished by a spirally wound 
segment of the conductor which passes around a whole 
body rf coil at least one half of a turn prior to reversing. 
[0016] in accordance with another aspect of the 
present invention, a coil is provided comprising a con- 
ductor wound as a solenoid coil in which the winding is 
reversed at the isocenter of a field generated by the coil 
such that a first winding exists prior to the reversal and 
a second winding exists subsequent to the reversal. The 
winding of the coil includes a pair of gaps, one on either 
side of the Isocenter, such that each gap is situated so 
that the solenoid coil is not wound above a pair of end 
rings of an underiying whole body rf coil. A minimum 
amount of conductive material crosses each gap. 
[0017] in accordance with another aspect of the 
present invention, a method of winding a gradient coil Is 
provided in which the coupling between the gradient coil 
and a rf coil is reduced. The method includes winding a 
conductor about the rf coil to form a solenoid coil and 
forming a spiral of the conductor as the location of the 
desired isocenter for a gradient field produced by the 
gradient coil is approached such that the spiral passes 
around the rf coil in increments of half of a turn prior to 
reversing. At the location of the desired Isocenter, the 
winding of the solenoid coil is reversed, fomiing a sym- 
metric solenoid coil, including a reversed spiral, about 
the desired isocenter. 

[0018] in accordance with another aspect of the 
present Invention, a method of winding a gradient coil is 
provided in which the coupling between the gradient coil 
and a rf coil is reduced. The method includes winding a 
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conductor about the rf coil to form a solenoid coil and 
forming a gap in a portion of the solenoid coil disposed 
above an end ring of the rf coll such that the gap is 
crossed by a length of the conductor. At the location of 
the desired isocenter, the winding of the solenoid coil Is 
reversed, forming a symmetric solenoid coll about the 
desired isocenter. 

[0019] In accordance with another aspect of the 
present invention, a magnetic resonance imaging sys- 
tem is provided. The magnetic resonance imaging sys- 
tem includes a rf coll comprised of two end rings con- 
nected by rungs and a gradient coll disposed about the 
rf coil comprising a gradient conductor generally wound 
as a symmetric solenoid coll in which the winding is re- 
versed at the desired isocenter of a gradient field pro- 
duced by the gradient coil. The system also includes a 
means for decoupling a portion of the gradient coil from 
an underlying end ring. 

[0020] In accordance with another aspect of the 
present invention, a magnetic resonance imaging sys- 
tem is provided. The magnetic resonance imaging sys- 
tem includes a rf coil comprised of two end rings con- 
nected by rungs and a gradient coil disposed about the 
rf coil comprising a gradient conductor generally wound 
as a symmetric solenoid coil in which the winding is re- 
versed at the desired Isocenter of a gradient field pro- 
duced by the gradient coil. The system also includes a 
means for distributing among the rungs any coupling be- 
tween a segment of the gradient conductor and the rf 
coil such that the coupling Is distributed substantially 
equally among the rungs. 

[0021 ] The Invention wilt now be described in greater 
detail, by way of example, with reference to the draw- 
ings, in which:- 

Figure 1 is a diagrammatical representation of an 
MRI system for use In medical diagnostic Imaging 
and implementing certain aspects of the present 
shielding technique; 

Figure 2 Is a diagrammatical representation of an 
exemplary whole body rf coll; 

Figure 3 Is a graphical representation of an exem- 
plary pulse sequence description for an MRI exam- 
ination which may be implemented in the system of 
Fig.1; 

Figure 4 Is a diagrammatical representation of the 
layout of gradient colls and an rf shield between the 
gradient coils; ' 

Figure 5 Is a diagrammatical representation of an 
exemplary Z-axis gradient coil which may be used 
in a whole body coil structure; 

Figure 6 is a side view of a Z-axis gradient coll dis- 
posed about a rf coil as is known in prior systems; 



and 

Figure 7 is a side view of a Z-axis gradient coil dis- 
posed about a rf coil in accordance with certain as- 
5 pects of the present technique. 

[0022] Turning now to the drawings, and referring first 
to Fig. 1, a magnetic resonance imaging (MRI) system 
1 0 is illustrated diagrammatlcally as Including a scanner 
12, scanner control circuitry 14, and system control cir- 
cuitry 1 6. While the M Rl system 1 0 may Include any suit- 
able MRI scanner or detector, in the illustrated embod- 
iment the system Includes a full body scanner compris- 
ing a patient bore 1 8 into which a table 20 may be po- 
sitioned to place a patient 22 in a desired position for 
scanning. The scanner 12 may be of any suitable type 
of rating, including scanners varying from 0.5 Tesia rat- 
ings to 1 .5 TesIa ratings and beyond. 
[0023] The scanner 1 2 includes a series of associated 
colls for producing controlled magnetic fields, for gener- 
ating radiofrequency excitation pulses, and for detecting 
emissions from gyromagnetic material within the patient 
In response to such pulses. In the diagrammatical view 
of Fig. 1 , a primary magnet coil 24 is provided for gen- 
erating a primary magnetic field generally aligned with 
patient bore 1 8. A series of gradient coils 26, 28 and 30 
are grouped in a coil assembly for generating controlled 
magnetic gradient fields during examination sequences 
as described more fully below. A radiofrequency coil 32 
is provided for generating radiofrequency pulses for ex- 
citing the gyromagnetic material. 
[0024] In a present embodiment, a birdcage coll stmc- 
ture34, illustrated in Fig. 2, is employed as an exempla- 
ry whole body coil. As will be appreciated by those 
skilled in the art, such coil structures include longitudinal 
conductors 36 and conductive end rings 38. Pulses ap- 
plied to the conductors are driven at a desired frequen- 
cy, such as 64 MHz, to excite a particular mode of the 
rf coll 32. 

[0025] Referring once again to the embodiment illus- 
trated In Fig. 1 , the rf coll 32 also serves as a receiving 
coil. Thus, the rf coll 32 may be coupled with driving and 
receiving circuitry in passive and active modes for re- 
ceiving emissions from the gyromagnetic material and 
for applying radiofrequency excitation pulses, respec- 
tively. Altematively, various configurations of receiving 
coils may be provided separate from the rf coil 32. Such 
coils may include structures specifically adapted for tar- 
get anatomies, such as head coil assemblies, and so 
forth. Moreover, receiving coils may be provided In any 
suitable physical configuration, including phased array 
coils, and so forth. A radiofrequency shield 40 (see, e. 
g., Fig. 4) may be positioned between the gradient colls 
26, 28 and 30 to shield the rf coil 32 from the presence 
of certain of the gradient coils during operation. In par- 
ticular, the rf shield 40 prevents the rf magnetic field from 
entering certain of the gradient coils, as discussed be- 
low, which would negatively affect the efficiency of the 
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rf coil 32 

[0026] In a present configuration, the gradient coils 
26, 28 and 30 have different physical configurations 
adapted to their function in the imaging system 10. As 
will be appreciated by those skilled in the art, the coils 
26, 28 and 30 are comprised of conductive wires, bars 
or plates which are wound or cut to fomn a coil stnjcture 
which generates a gradient field upon application of con- 
trol pulses as described below. The placement of the 
coils within the gradient coil assembly may be done in 
several different orders, but In the present embodiment, 
a Z-axis coil is positioned at an innennost location, and 
Is fomried generally as an antisymmetric solenoid-like 
structure. Thus, In the illustrated embodiment, gradient 
coil 30 is the Z-axis solenoid coil, while coils 26 and 28 
are Y-axis and X-axis coils respectively. In the present 
configuration, the rf shield 40 is positioned between Z- 
axis coll 30 and X-axis coil 28. 
[0027] The colls of scanner 12 are controlled by ex- 
ternal circuitry to generate desired fields and pulses, 
and to read signals from the gyromagnetic material in a 
controlled manner. As will be appreciated by those 
skilled in the art, when the material, typically bound in 
tissues of the patient, is subjected to the primary field, 
individual magnetic moments of the paramagnetic nu- 
clei in the tissue partially align with the field. While a net 
magnetic moment is produced in the direction of the po- 
larizing field, the randomly oriented components of the 
magnetic moment in a perpendicular plane generally 
cancel one another. During an examination sequence, 
an rf frequency pulse is generated at or near the Lamior 
frequency of the material of interest, resulting in rotation 
of the net aligned magnetic moment to produce a net 
transverse magnetic moment. This transverse magnetic 
moment precesses around the main magnetic field di- 
rection, emitting rf signals that are detected by the scan- 
ner and processed for reconstruction of the desired im- 
age. 

[0028] Gradient coils 26, 28 and 30 serve to generate 
precisely controlled magnetic fields, the strength of 
which vary over a predefined field of view, typically with 
positive and negative polarity. When each coil is ener- 
gized with known electric current, the resulting magnetic 
field gradient is superimposed over the primary field and 
produces a desirably linear variation in the Z-axis com- 
ponent of the magnetic field strength across the field of 
view. The field varies linearly in one direction, but is ho- 
mogenous in the other two. The three coils have mutu- 
ally orthogonal axes for the direction of their variation, 
enabling a linear field gradient to be imposed in an ar- 
bitrary direction with an appropriate combination of the 
three gradient coils. 

[0029] The pulsed gradient fields periomn various 
functions integral to the imaging process. Some of these 
functions are slice selection, frequency encoding and 
phase encoding. These functions can be applied along 
the X-, Y- and Z-axis of the original coordinate system 
or along other axes determined by combinations of 



pulsed currents applied to the Individual field coils. 
[0030] The slice select gradient detemiines a slab of 
tissue or anatomy to be imaged in the patient. The slice 
select gradient field may be applied simultaneously with 

5 a frequency selective rf pulse to excite a known volume 
of spins within a desired slice that process at the same 
frequency. The slice thickness is detennined by the 
bandwidth of the rf pulse and the gradient strength 
across the field of view. 

10 [0031] The frequency encoding gradient is also 
known as the readout gradient, and is usually applied in 
a direction perpendicular to the slice select gradient. In 
general, the frequency encoding gradient is applied be- 
fore and during the formation of the MR echo signal re- 

15 suiting from the rf excitation. Spins of the gyromagnetic 
material under the influence of this gradient are frequen- 
cy encoded according to their spatial position along the 
gradient field. By Fourier transformation, acquired sig- 
nals may be analyzed to identify their location in the se- 

20 lected slice by virtue of the frequency encoding. 

[0032] Finally, the phase encode gradient is generally 
applied before the readout gradient and after the slice 
select gradient. Localization of spins in the gyromagnet- 
ic material In the phase encode direction Is accom- 

25 pllshed by sequentially inducing variations in phase of 
the precessing spins of the material using slightly differ- 
ent gradient amplitudes that are sequentially applied 
during the data acquisition sequence. The phase en- 
code gradient pemiits phase differences to be created 

30 among the spins of the material in accordance with their 
position in the phase encode direction. 
[0033] As will be appreciated by those skilled in the 
art, a great number of variations may be devised for 
pulse sequences employing the exemplary gradient 

35 pulse functions described above as well as other gradi- 
ent pulse functions not explicitly described here. More- 
over, adaptations in the pulse sequences may be made 
to appropriately orient both the selected slice and the 
frequency and phase encoding to excite the desired ma- 

40 terial and to acquire resulting M R signals for processing. 
[0034] The coils of scanner 1 2 are controlled by scan- 
ner control circuitry 1 4 to generate the desired magnetic 
field and radiof requency pulses. The scannercontrol cir- 
cuitry 14 may include one or more control circuits for 

45 commanding the pulse sequences employed during the 
examinations, and for processing received signals. The 
control circuits may include any suitable programmable 
logic device, such as a CPU or digital signal processor 
of a general purpose or application-specific computer 

50 as well as memory circuitry. The memory circuitry is typ- 
ically of a type suitable for storing physical and logical 
axis configuration parameters, examination pulse se- 
quence descriptions, acquired image data, program- 
ming routines, and so forth, used during the examination 

55 sequences implemented by the scanner. The scanner 
control circuitry 14 may also include amplification and 
control circuitry and transmission and receive circuitry 
which allows interface between the control circuits and 
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the coils of scanner 12. Finally, scanner control circuitry 
14 Includes interface components for exchanging con- 
figuration and image data with system control circuitry 
16. 

[0035] System control circuitry 1 6 may Include a wide 
range of devices for facilitating interface between an op- 
erator or radiologist and scanner 1 2 via scanner control 
circuitry 14. For example, an operator controller may be 
provided in the form of a computer worl<station employ- 
ing a general purpose or application-specific computer 
which may store pulse sequence descriptions, exami- 
nation protocols, or patient and image data. The work- 
station may further include various interface and periph- 
eral drivers for both local and remote exchanges of data. 
Typical inputs may be accomplished via a keyboard or 
mouse. Typical outputs may be via a printer or computer 
monitor 48. Additional data exchanges may include var- 
ious local and remote image access and examination 
control devices such as picture archiving and commu- 
nication systems, teleradlology systems, and the like. 
[0036] in general, pulse sequences implemented in 
the MRI system will be defined by both functional and 
physical configuration sets and parameter settings 
stored within control circuitry 14. By way of example. 
Fig. 3 illustrates a typical pulse sequence which may be 
Implemented on a system such as that illustrated In 
[0037] Fig. 1 . While many different pulse sequence 
definitions may be implemented, depending upon the 
examination type, in the example of Fig. 3, a gradient 
recalled acquisition in steady state mode (GRASS) 
pulse sequence is defined by a series of pulses and gra- 
dients appropriately timed with respect to one another. 
The pulse sequence, indicated generally by reference 
numeral 66, is thus defined by pulses on a slice select 
axis 68, a frequency encoding axis 70, a phase encod- 
ing axis 72, an rf axis 74, and a data acquisition axis 76. 
In general, the pulse sequence description begins with 
a pair of gradient pulses on slice select axis 68 as rep- 
resented at reference numeral 78. During a first of these 
gradient pulses, an rf pulse 80 is generated to excite 
gyromagnetic material In the subject. Phase encoding 
pulses 82 are then generated, followed by a frequency 
encoding gradient 84. A data acquisition window 86 pro- 
vides for sensing signals resulting from the excitation 
pulses which are phase and frequency encoded. The 
pulse sequence description terminates with additional 
gradient pulses on the slice select, frequency encoding, 
and phase encoding axes. 

[0038] During the examination sequences such as the 
exemplary sequence described above, electromagnetic 
interactions, such as rf coupling between the rf and gra- 
dient colls, may adversely affect the operation of the 
system. For example, the presence of the gradient colls 
(particularly the X and Y-axis coils) will increase the se- 
ries resistance of the rf coil and may alter its frequency 
due to inductive and capacltive coupling. Moreover, the 
efficiency of the rf coil and the signal-to-nolse ratio may 
be jeopardized. Such interactions may also significantly 



affect the rf magnetic field if allowed to penetrate into 
the lossy material making up the gradient coils. In par- 
ticular. It has been found that the X-axis coll 26 and the 
Y-axis coil 28 have strong interactions with the rf field if 

5 the rf field Is allowed to penetrate into those regions of 
the gradient colt. This leads to undesirable rf losses and 
a reduction In performance (efficiency and Q, a common 
performance measure) of the rf coil. One solution to this 
problem is to position an rf shield 40 at an intennediate 

10 position within the gradient coil assembly, as illustrated 
In Fig. 4. 

[0039] Referring to Fig. 4, the coil assembly 88 in- 
cludes the inner gradient colls 26, 28 and 30 described 
above, and an rf shield 40 placed between the innermost 

'5 gradient coil 30 and the next adjacent gradient coil 28. 
In a present embodiment, the innermost gradient coil 30 
is a modified solenoid-type coll, such as the Z-axIs coll. 
The rf shield 40 may be any suitable fornn of shield such 
as one or more thin sheets of conductive material, such 

20 as copper. Alternative fonns of rf shields may be adapt- 
ed to the specific scanner structure. Examples of such 
scanner stmctures Include cylindrical and planar stnjc- 
tures such as those used in open MRI systems. In each 
of these cases, however, the rf shield 40 is placed within 

25 the gradient coils to take advantage of the relatively mi- 
nor Influence of the transverse rf magnetic field on the 
solenold-type or Z-axis coil 30, and to position the shield 
at an advantageously greater distance from the rf coll 
32. 

30 [0040] As noted above, in accordance with the 
present technique, any suitable fornn of rf shield 40 may 
be provided at the locations described. For example, the 
shield 40 effectively appears as a solid cylinder that is 
Impenetrable at rf frequencies, at least in the cylindrical 

35 arrangement illustrated. However, the shield 40 may In- 
clude openings or voids which renderthe shield 40 more 
transparent to gradient magnetic fields. These openings 
or voids are generally designed to preserve as well as 
possible the shielding effect on the rf fields. 

40 [0041] The shield 40 also may include multiple layers 
of material with capacitance between the layers, such 
that at the rf frequencies employed in operation the 
shield 40 functions as a solid shield. In another imple- 
mentation, the shield 40 may be fomned of a single layer 

45 of copper mesh, the mesh size and thickness being cho- 
sen such that the shield 40 reflects at rf frequencies and 
yet is transparent for the gradient fields. 
[0042] In the present embodiment, illustrated in Fig. 
4, outer gradient colls are provided beyond the inner 

50 gradient colls. These outer gradient coils, designated by 
reference numerals 92, 94 and 96 in Fig. 4, make up the 
remainder of the gradient coil structure. The function of 
the outer gradient colls is to cancel the gradient mag- 
netic fields, as well as possible, in the regions outside 

55 the gradient tube assembly to minimize interaction with 
components of the cryostat structure and other metallic 
parts of the magnet structure. As will be appreciated by 
those skilled In the art, each gradient coil of the structure 
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includes one or nnore conductive elements supported on 
a support structure, such as a fiberglass resin connposlte 
tube. 

[0043] Because the gradient coils 26 and 28 are very 
lossy at the rf frequencies employed in the pulse se- 
quences, the rf shield 40 prevents or greatly reduces the 
penetration of the rf field into these coils, thereby avoid- 
ing the loss of energy. It should be noted that the posi- 
tioning of the rf shield 40 between coils 28 and 30 In the 
coil assembly 88 increases the distance between the rf 
coil 32 and the shield 40. Increasing the distance be- 
tween rf coll 32 and rf shield 40 permits reductions in 
the amount of energy which may be supplied to the rf 
coil to obtain the desired magnetic field strength. More- 
over, by distancing the rf shield from the rf coil through 
its position intermediate the gradient coils, a significant 
improvement in the signal-to-noise ratio and the efficien- 
cy can be obtained. Thus, the system may be provided 
with a reduced-size rf amplifier, and problems associat- 
ed with higher rf energies In heretofore known systems 
are avoided. 

[0044] In addition, placing the rf shield 40 within the 
gradient coil assembly 88 enhances the efficiency of the 
gradient coils. In particular, the configuration permits the 
primary gradient colls to be placed a reduced distance 
from the longitudinal center line of the field system, im- 
proving the efficiency of the gradient colls. Indeed, the 
efficiency of a gradient coil is extremely sensitive to the 
distance between the primary gradient windings and the 
gradient shielding windings. Thus, by reducing the dis- 
tance between the primary gradient coils and the longi- 
tudinal center line, the distance between the primary 
and shield windings of all three gradient colls may be 
increased, significantly improving the efficiency of all 
three gradient coil assemblies. 
[0045] As will be appreciated by those skilled In the 
art, the Z-axis coll 30, located Inward of the rf shield 40, 
is fomried generally as a modified wound solenoid coll 
with progressive turns of the solenoid conductor being 
spaced at varying distances or pitch along the length 
and about either side of a transverse center plane, as 
depicted in Fig. 5. in addition, the winding direction is 
reversed on either side of the transverse center plane 
to produce a mirror-image, symmetrical structure with 
respect to a transverse XY plane. Thus, coil 30 will in- 
clude a wound conductor 108, such as a copper wire, 
rod or bar, supported on a cylindrical support structure 
110. 

[0046] In practice, the above described techniques 
work adequately in numerous MR imaging systems. 
However in systems incorporating ultra-short cylindrical 
magnets the conventional winding of the Z-axis coil con- 
ductors may lead to a variety of problems. Such an ultra- 
short system is depicted in Fig. 6, which illustrates the 
reduced inter-winding spacing of the wound conductor 
108 comprising the Z-axis gradient coil 30, and the re- 
sulting reduction in pitch and pitch variability, compared 
to non-short systems. In an ultra-short system of the 



type depicted the inter-winding spacing may be in the 
range of 1 .5 mm. This drastic reduction In inter-winding 
spacing Is necessary to maintain power efficiency and 
linearity of the gradient field. However, while the high- 
5 density winding in such an ultra-short system increases 
power efficiency, it also makes It difficult to obtain suffi- 
cient decoupling of the Z-axis gradient coil 30 and the 
birdcage rf coil 34 in the absence of an Interposed 
shield. 

[0047] Biot Savart calculations confimn that, theoreti- 
cally, inductive coupling between the birdcage rf coil 34 
and the Z-axis gradient coil 30 should not occur due to 
the configuration of the coils. In particular, a birdcage rf 
coil 34 primarily generates an rf field in the radial direc- 
tion and no net flux in the direction of the Z-axis when 
integrated over the coil. In the Z-axis gradient coil 30, 
the current distribution is antisymmetric about the origin. 
Therefore, in theory, the birdcage rf coll 34 will not cou- 
ple inductively with a solenoidal coil, such as the Z-axis 
gradient coll 30, provided that the birdcage rf coil 34 Is 
radially and longitudinally centered inside the Z-axIs 
gradient coil 30. In ultra-short systems, however, the dis- 
tance between the conductors of the birdcage end rings 
38 and the wound gradient conductors 108 may be as 
little as 10 mm, requiring alignment accuracy to be a 
fraction of a millimeter, a virtual impossibility In practice. 
Misalignment results in residual coupling between the 
birdcage rf coil 34 and the Z-axis gradient coil 30, lead- 
ing to a low quality factor, or Q, and an associated loss 
of efficiency. It is therefore desirable to optimally wind 
the Z-axis gradient coil conductors 1 08 such that the in- 
teraction between the birdcage rf coil 34 and the Z-axIs 
gradient coil 30 is minimized. 
[0048] With reference to Fig. 6, two aspects of the 
conventional winding of a Z-axis gradient coil 30 have 
been found to contribute to the reduction of the Q of the 
birdcage rf coll 34. First, the portion of wound conductor 
108 disposed above the end ring 38 of the birdcage rf 
coll 34 produces residual coupling, thereby reducing the 
Q associated with the system. Referring now to Fig. 7, 
this problem Is addressed by winding the Z-axis gradient 
coil 30 such that there Is an end ring gap 1 1 4 above each 
end ring 38. The Q of the birdcage rf coil 34 is now meas- 
ured as a function of the width of end ring gap 114. A 
gap wire 1 1 6 spans the end ring gap 11 4 to connect the 
portions of wound conductor 1 08 on either side of gap 
1 1 4. Gap wire 1 1 6 may be of any configuration however, 
in one embodiment, it is straight. This straight configu- 
ration allows gap 1 1 4 to be bridged with a minimum of 
gap wire 1 1 6 above gap 114 and Is the embodiment de- 
picted in Fig. 7. Presenting a minimum of gap wire 116 
above gap 114 is believed to minimize negative effects 
upon the Q of the birdcage rf coll 34. Gap 114 may be 
either narrower or wider than end ring 38, however in 
one embodiment, an end ring 38 which is one inch wide 
and a gap 114 which is two inches wide has been found 
to produce acceptable results. 
[0049] In addition, referring once again to Fig. 6, the 
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straight connector wire 112 connecting the symmetric 
positive and negative portions of the Z-axis gradient coil 
30 causes the Q of the birdcage rf coii 34 to vary with 
the azimuthal position of the connecting wire. In partic- 
ular, the use of a straight wire to connect the symmetric s 
portions of the Z-axIs gradient coil 30 results in birdcage 
rf coil 34 producing ellipticalty polarized fields as op- 
posed tothe desired circular polarized fields. As a result, 
Q varies with the angle between birdcage rung 36 and 
the connector wire 1 1 2 such that every time the connec- io 
tor wire 112 passes over one of the rungs 36, Q drops. 
[0050] Referring once again to Fig. 7, this problem is 
addressed by using a spirally wound connector 118 to 
connect the positive and negative portions of the Z-axis 
gradient coil 30 across the isocenter. Any coupling be- is 
tween the birdcage rf coil 34 and the Z-axis gradient coil 
30 which results from spirally wound connector 118 is 
equally distributed among the rungs 36 of the birdcage 
rf coil 34. Though Fig. 7 depicts a spirally wound con- 
nector 1 1 8 which encircles the rf coil 34 once and then 20 
reverses, those sl<illed in the art will understand that the 
spirally wound connector 118 may simply undergo a 
half-revolution or any multiple thereof, i.e. 180", 360", 
540°, 720°, before reversing. This use of half-revolution 
spirals in the gradient coil 30 is feasible, combined with 25 
the homogeneous mode of the rf coil 34, due to the ten- 
dency of opposing rungs to operate at the same cun-ent 
amplitude but with 180 degree phase difference, there- 
by spreading any coupling between all of the mngs. Due 
to the use of spirally wound conductor 1 1 8, either the Z- 30 
axis gradient coil 30 or the birdcage rf coil 34 can rotate 
about the Z-axIs without changing the Q of the birdcage 
rf coil 34. Use of these winding techniques preserve a 
high Q factor associated with the birdcage rf coil 34 while 
allowing the use of a gradient embedded shield in ultra- 35 
short systems. 

[0051 ] For the sake of good order, various aspects of 
the invention are set out In the following clauses:- 

1 . A magnetic resonance imaging system compris- 40 
ing a radiofrequency (rf) coil comprising two end 
rings connected by a plurality of rungs disposed 
perpendicular to the plane of the, end rings; and a 
gradient coil, disposed about the rf coil, comprising 

a gradient conductor wound as a solenoid coil in 45 
which there is a gap above each end ring which is 
crossed by a portion of the conductor. 

2. The magnetic resonance imaging system of 
clause 1 , wherein the portion of the gradient con- so 
ductor which crosses the gap in a straight tine per- 
pendicular to the plane of the end rings. 

3. The magnetic resonance imaging system of 
clause 1 , wherein the portion of the gradient con- 55 
ductor which crosses the gap disposes a minimal 
portion of the gradient conductor above the respec- 
tive end ring. 
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4. The magnetic resonance imaging system of 
clause 1, wherein the solenoid colt is symmetric 
about an isocenter of a field formed by the gradient 
coil such that the gradient coil comprises a positive 
half and a negative half which are connected by a 
segment of the gradient conductor forming a sym- 
metric spirally wound connecting wire, 

5. The magnetic resonance imaging system of 
clause 4, wherein the vyinding of the gradient con- 
ductor is reversed at the isocenter. 

6. The magnetic resonance imaging system of 
clause 5, wherein the symmetric spirally wound 
connecting wire passes around the rf coll at least 
one half of a turn prior to reversing. 

7. The magnetic resonance imaging system of 
clause 6, wherein the symmetric spirally wound 
connecting wire passes around the rf coll In multi- 
ples of one half of a turn prior to reversing. 

8. The magnetic resonance imaging system of 
clause 7, wherein the multiple Is two 

9. The magnetic resonance imaging system of 
clause 5, wherein the symmetric spirally wound 
connecting wire is disposed about the plurality of 
rungs such that coupling between the rungs and the 
symmetric spirally wound connecting wire is distrib- 
uted substantially evenly between the rungs. 

10. The magnetic resonance imaging system of 
clause 1 , further comprising a rf shield disposed 
about the gradient coll. 

1 1 . A magnetic resonance imaging system compris- 
ing: 

a radiofrequency (rf) coil comprising two end 
rings connected by a plurality of rungs disposed 
perpendicular to the plane of the end rings; and 
a gradient coil, disposed about the rf coil, com- 
prising a gradient conductor wound as a sole- 
noid coil which Is symmetric about an isocenter 
of a field formed by the gradient coil such that 
the gradient coll comprises a positive half and 
a negative half which are connected by a seg- 
ment of the gradient conductor fomiing a sym- 
metric spirally wound connecting wire. 

12. The magnetic resonance imaging system of 
clause 1 1 , wherein the winding of the gradient con- 
ductor Is reversed at the isocenter. 

13. The magnetic resonance imaging system of 

clause 12, wherein the symmetric spirally wound 
connecting wire passes around the rf coil in multi- 
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pies of one half of a turn prior to reversing. 

14. The magnetic resonance imaging system of 
clause 11, wherein the symmetric spirally wound 
connecting wire is disposed about the plurality of s 
rungs such that coupling between the rungs and the 
symmetric spirally wound connecting wire Is distrib- 
uted substantially evenly between the rungs. 

15. The magnetic resonance imaging system of io 
clause 1 1 , wherein there Is a gap in the solenoid coil 
above each end ring which is crossed by a portion 

of the conductor. 

16. The magnetic resonance imaging system of *5 
clause 15, wherein the portion of the gradient con- 
ductor crosses the gap in a straight line perpendic- 
ular to the plane of the end rings. 

17. The magnetic resonance Imaging system of 20 
clause 15, wherein the portion of the gradient con- 
ductor which crosses the gap disposes a minimal 
portion of the gradient conductor above the respec- 
tive end ring. 

25 

18. The magnetic resonance Imaging system of 
clause 11, further comprising a rf shield disposed 
about the gradient coil. 

1 9. A magnetic resonance imaging system compris- 30 
ing: 

a birdcage radiofrequency (rf) coil generally 
fonning an Inner tube comprising a pair of end 
rings connected by a plurality of spaced apart 35 
rungs disposed perpendicular to the plane of 
the end rings; and 

a gradient coll generally forming an outer tube 
disposed about the inner tube comprising a 
conductive element wound to fomn a solenoid ^0 
coil such that there is a gap in the solenoid coil 
above each end ring of the rf coll and such that 
the winding of the solenoid coil is reversed at a 
transverse plane bisecting the coil wherein a 
minimum amount of conductive element Is 45 
used to cross each gap and wherein the con- 
ductive element crossing the transverse plane 
comprises a symmetric spirally wound segment 
which circles the Inner tube in multiples of one 
half of a tum prior to reversing. so 

20. The magnetic resonance Imaging system of 
clause 1 9, wherein the symmetric spirally wound 
segment circles the inner tube such that coupling 
between the rungs and the symmetric spirally 
wound segment Is distributed substantially evenly 
between the rungs. 



21. The magnetic resonance imaging system of 
clause 1 9, wherein the minimum amount of conduc- 
tive element comprises a straight portion of the con- 
ductive element running perpendicular to the gen- 
eral plane of the gap. 

22. The magnetic resonance Imaging system of 
clause 19, wherein the transverse plane is located 
at the isocenter of the field generated by the gradi- 
ent coil. 

23. The magnetic resonance imaging system of 
clause 19, further comprising a rf shield forming a 
shielding tube disposed about the gradient coll. 

24. A gradient coil for use with a whole body rf coil 
of a MR imaging system, the gradient coil compris- 
ing a conductor wound as a solenoid coil in which 
the winding is reversed at a transverse plane locat- 
ed at the isocenter of a field generated by the gra- 
dient coil, forming a first winding and a reversed, 
second winding, the transition from the first winding 
to the second winding being accomplished by a spi- 
rally wound segment of the conductor which passes 
around the whole body rf coll at least one half of a 
turn prior to reversing. 

25. The gradient colt of clause 24, further compris- 
ing a gap on either side of the transverse plane, 
each gap being situated so that the solenoid coil is 
not wound above a pair of end rings of the whole 
body rf coil, wherein a minimum amount of conduc- 
tive material crosses each gap. 

26. The gradient coil of clause 25, wherein the spi- 
rally wound segment of the conductor passes 
around the whole body rf coil in multiple of one half 
of a turn prior to reversing. 

27. The gradient coil of clause 24, wherein the spi- 
rally wound segment of the conductor is disposed 
about the whole body rf coil such that coupling be- 
tween the whole body rf coil and the spirally wound 
segment is distributed substantially evenly over the 
whole body rf coll. 

28. A coil for use with a whole body rf coll of a MR 
imaging system, the coll comprising a conductor 
wound as a solenoid coil in which the winding is re- 
versed at a transverse plane located at the Isocent- 
er of a field generated by the coil to form a first wind- 
ing and a reversed, second winding, and further 
comprising a pair of gaps, one on either side of the 
transverse plane, wherein each gap is situated so 
that the solenoid coil is not wound above a pair of 
end rings of the whole body rf coll and wherein a 
minimum amount of conductive material crosses 
each gap. 
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29. The gradient coil of clause 28, further compris- 
ing a spirally wound segment which transitions the 
first winding to the second winding at the transverse 
plane and which passes around the whole body rf 
coil at least one half of a turn prior to reversing. s 

30. The gradient coil of clause 29, wherein the spi- 
rally wound segment passes around the whole body 
rf coll in multiples of one half of a turn prior to re- 
versing. 10 

31. The gradient coll of clause 29, wherein the spi- 
rally wound segment of the conductor is disposed 
about the whole body rf coil such that coupling be- 
tween the whole body rf coil and the spirally wound ^5 
segment is distributed substantially evenly over the 
whole body rf coil. 

32. A method of winding a gradient coil to reduce 
coupling between the gradient coll and a radlofre- 20 
quency (rf) coil comprising the act of: 

winding a conductor about the rf coil to form a 
solenoid coll; 

fomriing a spiral of the conductor, as the location 25 
of a desired isocenter for a gradient field pro- 
duced by the gradient coll Is approached, such 
that the spiral passes around the rf coil in Incre- 
ments of half of a tum prior to reversing; and 
reversing the winding of the solenoid coil at the 30 
location of the desired isocenter to form a sym- 
metric solenoid coil about the desired isocenter 
such that a reversed spiral is formed as part of 
the symmetric solenoid coil. 

35 

33. The method of clause 32, furthercomprislng dis- 
posing an rf shield about the gradient coil. 

34. The method of clause 32, further comprising 
forming a gap in a portion of the solenoid coil dis- 40 
posed above an end ring of the rf coil such that the 
gap is crossed by a length of the conductor. 

35. The method of clause 34, further comprising 
minimizing the length of the conductor crossing the 
gap. 

36. A method of winding a gradient coll to reduce 
coupling between the gradient coil and a radiofre- 
quency (rf) coil comprising the act of: so 

winding a conductor about the rf coil to fomi a 
solenoid coil; 

fomning a gap in a portion of the solenoid coil 
disposed above an end ring of the rf coil such ss 
that the gap Is crossed by a length of the con- 
ductor; and 

reversing the winding of the solenoid coil at the 



location of a desired isocenter for a gradient 
field produced by the gradient coil to fornn a 
symmetric solenoid coil about the desired Iso- 
center. 

37. The method of clause 36, further comprising 
minimizing the length of the conductor crossing the 
gap. 

38. The method of clause 36, further comprising 
fomning a second gap in a portion of the solenoid 
coil disposed above a second end ring of the rf coil 
such that the second gap is crossed by a second 
length of the conductor 

39. The method of clause 37, further comprising 
minimizing the length of the conductor crossing the 
gap and the second length of second conductor 
crossing the second gap. 

40. The method of clause 36, further comprising 
forming a spiral of the conductor, as the location of 
the desired isocenter is approached, such that the 
spiral passes around the rf coil in increments of half 
of a turn prior to reversing so that a reversed spiral 
is formed as part of the symmetric solenoid coil at 
the desired isocenter. 

41 . A magnetic resonance imaging system compris- 
ing: 

a radiofrequency (rf) coil comprising two end 
rings connected by a plurality of rungs disposed 
perpendicular to the plane of the end rings; 
a gradient coil, disposed about the rf coil, com- 
prising a gradient conductor generally wound 
as a symmetric solenoid coil in which the wind- 
ing of the solenoid is reversed at the at a loca- 
tion corresponding to an intersection with a 
transverse plane passing through the desired 
Isocenter of a gradient field produced by the 
gradient coil; and 

a means for decoupling a portion of the gradient 
coil from an underlying end ring. 

42. The magnetic resonance system of clause 41 
further comprising a means for distributing among 
the rungs any coupling between a segment of the 
gradient conductor and the rf coll such that the cou- 
pling is distributed substantially equally among the 
rungs. 

43. A magnetic resonance imaging system compris- 
ing: 

a radiofrequency (rf) coil comprising two end 
rings connected by a plurality of rungs disposed 
perpendicular to the plane of the end rings; 
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transverse plane bisecting the coil wherein a 
minimum amount of conductive element is 
used to cross each gap and wherein the con- 
ductive element crossing the transverse plane 
5 comprises a symmetric spi rally wound segment 

which circles the inner tube in multiples of one 
half of a turn prior to reversing. 

5. A gradient coil for use with a whole body rf coil of a 
10 MR imaging system, the gradient coil comprising a 

conductor wound as a solenoid coil in which the 
winding is reversed at a transverse plane located at 
the Isocenter of a field generated by the gradient 
coil, fomning a first winding and a reversed, second 
IS winding, the transition from the first winding to the 
second winding being accomplished by a spirally 
wound segment of the conductor which passes 
around the whole body rf coil at least one half of a 
turn prior to reversing. 

20 

6. A coil for use with a whole body rf coil of a MR im- 
aging system, the coil comprising a conductor 
wound as a solenoid coil in which the winding is re- 
versed at a transverse plane located at the isocent- 

25 er of a field generated by the coil to form a first wind- 
ing and a reversed, second winding, and further 
comprising a pair of gaps, one on either side of the 
transverse plane, wherein each gap is situated so 
that the solenoid coil Is not wound above a pair of 

30 end rings of the whole body rf coil and wherein a 
minimum amount of conductive material crosses 
each gap. 



a gradient coil, disposed about the rf coil, com- 
prising a gradient conductor generally wound 
as a symmetric solenoid coil in which the wind- 
ing of the solenoid is reversed at the at a loca- 
tion con-esponding to an intersection with a 
transverse plane passing through the desired 
isocenter of a gradient field produced by the 
gradient coil; and 

a means for distributing among the rungs any 
coupling between a segment of the gradient 
conductor and the rf coil such that the coupling 
is distributed substantially equally among the 
rungs. 



Claims 

1 . A magnetic resonance imaging system comprising 
a radlofrequency (rf) coil comprising two end rings 
connected by a plurality of rungs disposed perpen- 
dicular to the plane of the end rings; and a gradient 
coil, disposed about the rf coil, comprising a gradi- 
ent conductor wound as a solenoid coil in which 
there is a gap above each end ring which Is crossed 
by a portion of the conductor. 

2. The magnetic resonance imaging system of claim 
1 , wherein the portion of the gradient conductor 
which crosses the gap in a straight line perpendic- 
ular to the plane of the end rings. 

3. A magnetic resonance imaging system comprising: 

a radlofrequency (rf) coil comprising two end 
rings connected by a plurality of rungs disposed 
perpendicular to the plane of the end rings; and 
a gradient coil, disposed about the rf coil, com- 
prising a gradient conductor wound as a sole- 
noid coll which is symmetric about an isocenter 
of a field formed by the gradient coil such that 
the gradient coil comprises a positive half and 
a negative half which are connected by a seg- 
ment of the gradient conductor forming a sym- 
metric spirally wound connecting wire. 

4. A magnetic resonance imaging system comprising: 

a birdcage radlofrequency (rf) coil generally 
fomning an Inner tube comprising a pair of end 
rings connected by a plurality of spaced apart 
rungs disposed perpendicular to the plane of 
the end rings; and 

a gradient coil generally fomiing an outer tube 
disposed about the inner tube comprising a 
conductive element wound to fomi a solenoid 
coil such that there is a gap in the solenoid coil 
above each end ring of the rf coil and such that 
the winding of the solenoid coil is reversed at a 



7. A method of winding a gradient coil to reduce cou- 
35 piing between the gradient coil and a radlofrequen- 
cy (rf) coil comprising the act of: 

winding a conductor about the rf coll to fomri a 
solenoid coil; 

40 fomiing a spiral of the conductor, as the location 

of a desired Isocenter for a gradient field pro- 
duced by the gradient coil is approached, such 
that the spiral passes around the rf coil in incre- 
ments of half of a turn prior to reversing; and 
45 reversing the winding of the solenoid coll at the 

location of the desired isocenter to fonm a sym- 
metric solenoid coll about the desired isocenter 
such that a reversed spiral is formed as part of 
the symmetric solenoid coil. 

50 

8. A method of winding a gradient coil to reduce cou- 
pling between the gradient coil and a radlofrequen- 
cy (rf) coil comprising the act of: 

55 winding a conductor about the rf coil to fonn a 

solenoid coil; 

fomiing a gap in a portion of the solenoid coil 
disposed above an end ring of the rf coil such 
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that the gap is crossed by a length of the con- 
ductor; and 

reversing the winding of the solenoid coll at the 
location of a desired isocenter for a gradient 
field produced by the gradient coil to form a s 
symmetric solenoid coll about the desired iso- 
center. 

9. A magnetic resonance imaging system comprising: 

10 

a radiofrequency (rf) coil comprising two end 
rings connected by a plurality of rungs disposed 
perpendicular to the plane of the end rings; 
a gradient coll, disposed about the rf coil, com- 
prising a gradient conductor generally wound is 
as a symmetric solenoid coll in which the wind- 
ing of the solenoid is reversed at the at a loca- 
tion corresponding to an Intersection with a 
transverse plane passing through the desired 
isocenter of a gradient field produced by the 20 
gradient coll; and 

a means for decoupling a portion of the gradient 
coil from an underiying end ring. 

1 0. A magnetic resonance imaging system comprising: 25 

a radiofrequency (rf) coil comprising two end 
rings connected by a plurality of rungs disposed 
" perpendicular to the plane of the end rings; 

a gradient coil, disposed about the rf coil, com- 30 
prising a gradient conductor generally wound 
as a symmetric solenoid coil in which the wind- 
ing of the solenoid Is reversed at the at a loca- 
tion corresponding to an Intersection with a 
transverse plane passing through the desired 35 
isocenter of a gradient field produced by the 
gradient coil; and 

a means for distributing among the rungs any 
coupling between a segment of the gradient 
conductor and the rf coll such that the coupling 40 
is distributed substantially equally among the 
rungs. 
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